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Hsp10
T he type I chaperonin family is essential for the life of all eukaryotes, because the main function of its members is to mediate actively the folding of cellular proteins (1) (2) (3) (4) . The bacterial chaperonin GroEL/GroES system is the most intensively studied chaperonin system, owing to its profound stability, and it serves as a prototype for the less stable 60-kDa chaperonins from mitochondria and chloroplasts. The GroEL molecule is a tetradecamer whose subunits are organized in two rings, producing a barrel-like structure. The central cavity of the barrel provides an isolated environment for protein folding, a process that requires the assistance of the cochaperonin GroES as well as ATP hydrolysis (5, 6) .
Several intermediate complexes were suggested to be key players in the GroEL/GroES reaction cycle. The transition between the various intermediates is governed by the state of the nucleotide molecules bound to GroEL. In vitro, the acceptor state for the unfolded protein substrate is either the apo or the asymmetric form of the GroEL-GroES complex (a bullet-shaped complex containing one molecule of GroEL and one molecule of GroES). The protein-folding cycle begins when GroES binds to the ring occupied by substrate protein and ATP (the cis ring). ATP hydrolysis in the cis ring is followed by binding of ATP to the trans ring, which results in dissociation of the cis complex, thereby releasing the folded substrate protein and resetting the cycle (7) (8) (9) . However, numerous studies have demonstrated that an additional complex is formed between GroEL and GroES during the protein-folding reaction cycle. This symmetric complex, called the "football" (American football-shaped), was shown to be a functional intermediate of the chaperonin folding reaction cycle (10) (11) (12) (13) . Of all the GroEL/GroES chaperonin intermediates, the symmetric complex is the only form whose structure has not been determined until recently (published during the review of this paper), apparently because of its transient nature (14, 15) .
Human mitochondria harbor one chaperonin system whose proteins, human mitochondrial heat shock protein 60 (mHsp60) and its cochaperonin, human mitochondrial heat shock protein 10 (mHsp10), exhibit 51% and 33% identity to GroEL and GroES, respectively. The accepted model of the protein-folding reaction cycle by mHsp60 suggests that this folding nanomachine functions via a mechanism distinct from the mechanism of GroEL/GroES and acts as a single heptameric ring (16) (17) (18) . This chaperonin system is crucial for mitochondrial function and cellular viability, as demonstrated by the embryonic lethality in mice that results from inactivation of the mHsp60 gene, as well as by the identification of three human neurodegenerative genetic disorders associated with mutations in this protein (19) (20) (21) (22) (23) . In addition to their essential protein-folding activity in mitochondria, studies have implicated the mammalian mitochondrial chaperonins in a wide range of other extramitochondrial and extracellular activities, including modulation of apoptosis (24, 25) , inflammation (26) , and carcinogenesis (reviewed in refs. [27] [28] [29] [30] .
Here we report, the first crystal structure of mHsp60 in complex with its cochaperonin. The model that we obtained provides a snapshot of a unique intermediate, likely in a step preceding the dissociation of the complex into its components, that exhibits three unique properties: (i) the mHsp60-mHsp10 complex forms a symmetric double-ring, football-like structure [mHsp60 14 -(mHsp10 7 ) 2 complex] that displays extensive interring contacts; (ii) the symmetric nature of the chaperonin subunits within each ring, which is observed in GroEL, is not preserved; and (iii) the interring nucleotide asymmetry that defines the bacterial folding cycle is absent, because both mHsp60 rings are in the ADP-bound state.
Results
Structure Determination and Refinement. The mHsp60-mHsp10 complex is known for its intrinsic instability (16, 17) . To facilitate
Significance
The human mitochondrial chaperonin is vital for proper cell function because it assists in folding of mitochondrial proteins. Additionally, it participates in extramitochondrial processes, such as apoptosis, inflammation, and carcinogenesis. In this study, we report the crystal structure of mitochondrial chaperonins. The model shows an "American football"-shaped intermediate, composed of two 7-membered chaperonin rings capped at each end by a cochaperonin ring. This complex was captured in the early stages of dissociation. The extensive interface contacts between its rings, the asymmetry that exists within each ring, and symmetric binding of nucleotide cofactors that exists between the rings suggest that the mitochondrial system operates via a mechanism that is distinct from the mechanism of the canonical Escherichia coli (GroEL/GroES) system. crystallization of this complex, we eliminated the salt bridge between E321 and K176 (mHsp60 E321K ) that is known to break upon transition from the closed conformation to the open conformation during the reaction cycle, leading to the formation of a high-affinity complex. We previously isolated this mutant and showed that it has acquired the ability to function with GroES both in vivo and in vitro, although losing the ability to function with its endogenous partner, mHsp10 (31) (Fig. S1 ). This lack of functionality was shown to be due to its inability to release mHsp10 (detailed in ref. 31) . Further experiments with the mHsp60 E321K mutant using the substrate EGFP revealed that the mutant is able to functionally encapsulate and refold HCl-denatured EGFP and to release it within the chaperonin cavity. The mutant has only lost the ability to open the cavity and to discharge the folded protein (Fig. S2 ). This method was used previously to characterize the SR1 mutant of GroEL, which is arrested in the same stage as our mutant, as described by Weissman et al. (32) . These results indicate that the stable mHsp60-mHsp10 complex represents a true intermediate of the mHsp60 folding cycle. Crystallization trials were carried out with purified mHsp60 E321K lacking the C-terminal GGM motif. Removing the GGM tail, which is predicted to be unstructured, improved data resolution.
Crystallization of the mHsp60 E321K mutant in the presence of mHsp10 turned out to be advantageous on two counts: (i) The high stability of the mHsp60 E321K -mHsp10 complex helped to overcome the labile nature of the mHsp60 molecule, and (ii) the E321K mutation stabilizes the "open" conformation of the molecule, making it possible to obtain crystals of mHsp60 that are fully complexed with mHsp10. mHsp60 E321K and His-tagged mHsp10 were cocrystallized in the presence of ATP, as we reported previously for the complex of human mHsp60 E321K with mouse mitochondrial Hsp10 (33) . Dehydration of the crystals extended the diffraction resolution from 7 Å to 3.15 Å (Table S1 ). The structure of the complex was determined by molecular replacement, using the mHsp60 E321K -mouse-Hsp10 complex as a search model.
Architecture of the mHsp60-mHsp10 Complex. The overall architecture of the complex preserves the well-known domain assembly of chaperonin subunits (Fig. 1) . Within this framework, the subunit of the mHsp60 contains an apical, an intermediate, and an equatorial domain. Also conserved is the basic domain structure of the mHsp10 subunit, comprising a seven-strand, β-barrel structure and the prominent mobile loop (Fig. 1A and Fig. S3 ). Finally, the oligomeric states of the individual mHsp60 (tetradecamers) and mHsp10 molecules (heptamers) are preserved (Fig. 1) . Notably, mHsp60 assembles into a double-ring structure that binds two mHsp10 molecules, one at each end of the tetradecamer, forming the symmetric chaperonin complex [mHsp60 14-(mHsp10 7 ) 2 complex], previously termed the "football complex." This complex was found to play an important role in the chaperonin protein-folding reaction cycle (34) (35) (36) (37) (38) (39) (40) (41) . To distinguish between the two symmetric halves of the football, we called one of the halves the "north pole" and the other the "south pole" (the full nomenclature of subunits is provided in Fig. S4 ).
Our efforts to crystallize mHsp60 in the presence of mHsp10 lacking the C-terminal His-tag were unsuccessful. The 3.15-Å resolution structure explains why: The C-terminal His-tag of subunit Z from the south poles of each football complex protrudes toward the neighboring symmetry-related complexes and makes contact with subunits F and G of the north pole, apparently stabilizing the crystal lattice (Fig. S5 A and B ; a detailed description of the packing arrangement of the complex is provided in SI Materials and Methods). To rule out the possibility that the observed double-ring structure is induced by the His-tag, we examined the oligomeric state of mHsp60-mHsp10 complexes in solution, using SEC-MALS (size-exclusion chromatography multi-angle static light scattering) (Fig. S6) . In these experiments, we used two mHsp10 constructs, only one of which contained the His-tag tail. Our data show that both constructs lead to the formation of similar oligomeric complexes (Fig. S6 C and D) . The results of our experiments also confirm our prediction that WT mHsp60 is less stable than the mHsp60 E321K mutant, because we detected large amounts of monomers during examination of the WT protein (Fig. S6 A and B) .
To gain more insight on the assembly of mHsp60 into double rings, we examined the contacts between the mHsp60 rings more closely. Using the PISA program (42), we found that contacts between two heptameric rings of mHsp60 in the football structure are more than twice as extensive as those contacts observed for the two heptameric GroEL rings in the bullet GroEL/GroES structure [Protein Data Bank (PDB) ID code 1AON], with contact surface areas of 5,820 Å 2 and 2,466 Å 2 , respectively. Magnification of a selected area in the interring region shows that different contacts are indeed formed in the football structure than in the bullet structure of GroEL (Fig. 2) . Inspection of the football structure in a direction perpendicular to the long axis of the complex provides an explanation for this observation: The mHsp60 rings are rotated around the long axis in opposite directions by ∼5°relative to their orientation in GroEL. This movement enables the equatorial domains of each ring to be positioned deeper into each other in a zipper-like formation, making it possible for new contacts to be formed in the football structure. In this newly formed interface, the subunits maintain their two symmetric contact points that exist in GroEL, but the residues participating in the contacts have changed (Fig. 2C ). For example, at one of the two existing contact points, the symmetric key interring contact of A109 in GroEL is switched with a salt bridge between K109 and E105 (in mHsp60, the amino acid is K in position 109 instead of A). In addition, a new symmetric hydrophobic interaction is formed between two A10, whereas a new symmetric hydrogen bond is formed between two D11. At the other contact point, the salt bridge between E461 and R452 that is formed in GroEL is replaced by a salt bridge between E462 and K449 (in mHsp60, there is an M in the equivalent position of R452). To evaluate the importance of the above residues for formation of the double-ring structure, we mutated three residues at the ring interface (on a background of the WT mHsp60). The mutations in this triple mutant (mHsp60 TM ) were E105A, K109Q, and E462A. Interestingly, mHsp60 TM was extremely unstable in the apo state and eluted as ∼2,000-kDa aggregates when examined using SEC-MALS. When ATP and mHsp10 were added, they induced formation of mainly singlering molecules (∼420 kDa; Fig. S7A ). When we tested the ability of mHsp60 TM to refold malate dehydrogenase, it was found to be as active as the WT mHsp60 (Fig. S7B ). In summary, these findings reinforce the observation from the crystal structure that the interring arrangement of mHsp60 is different from the interring arrangement for GroEL, and that although mHsp60 is isolated as a single ring, it is found in equilibrium between single-and double-ring structures in the presence of mHsp10 and ATP, supporting a previous report (43) and challenging the common view that this protein acts exclusively as a single-ring protein (18) .
Intraring Asymmetry. One notable feature of the canonical type I chaperonin reaction cycle is that conversion of one reaction intermediate to another (e.g., from apo GroEL to an asymmetric bullet complex) requires the concerted movement of all seven apical domains in one ring toward the open conformation (44, 45) .
Examination of the football complex looking down from each of its poles yielded a surprising observation: Whereas six of the mHsp60 subunits are almost identical in their tertiary conformation, the seventh subunit is completely different, exhibiting an ∼100°counterclockwise rigid body movement of the apical domain, thus breaking the symmetry within the individual rings (Fig. 3, Fig. S8 , and Table S2 ). Previous studies have shown that following ATP and cochaperonin binding, the apical domain undergoes two conformational changes: The first movement is a 60°elevation, and the second movement is a ∼90°clockwise twisting movement that exposes the GroES-binding site to mobile loop binding and allows the release of substrate into the central chamber (46) . We suggest that subunits G and N have begun the reverse movement, namely, a counterclockwise movement of 100°toward dissociation of the complex, but the process is arrested at this stage and further "down" movements do not occur. The unique intermediate that was captured in these two subunits was termed by us the R′′-D state (relaxed state that started the dissociation phase).
Two observations support our assumption that the structure determined here likely represents an event in the cycle just before mHsp10 dissociates from mHsp60: (i) Surface plasmon resonance measurements showed that the association step of mHsp60 E321K with mHsp10 is similar to the association step of the WT Hsp60, whereas in the case of the mutant, the dissociation step is markedly prolonged (31) , and (ii) despite the fact that the complex was crystallized in the presence of ATP, the nucleotide occupying the binding site in the football structure is ADP in all of the subunits (as will be discussed below).
We can see that the mHsp10 heptamers deviate from symmetry as well (Fig. 4 and Table S3 ). Despite the occurrence of a significant back movement of 100°in the apical domain, the mobile loop follows the apical domain of the G and N subunits and remains associated with it (Fig. 4 A and B) . Thus, the mobile loops of mHsp10 subunits U and 2 (the nomenclature is provided in Fig. S4 ) evidently initiate the dissociation move but do not proceed further, owing to stabilization of the open state of mHsp60 E321K (31) . We can speculate that complete dissociation of the mobile loop from mHsp60 is gradual, and occurs once the apical domain begins the downward movement toward its apo conformation.
Interestingly, the number of residues in the mobile loop of mHsp10 that participate in mHsp60 binding to helices H and I is greater than in GroEL/GroES (Fig. 4 C and D) . In the mobile loop of GroES, the well-known IVL amino acid triad is responsible for interaction with the GroEL apical domain. In mHsp10, there are four residues (T27, K28, P34, and S37), in addition to the IML amino acid triad (equivalent to GroES IVL) that participate in the interaction between the mobile loop and the neighboring apical domain. Comparison of the interface between the mHsp10 mobile loop and mHsp60 with the interface of GroEL/GroES shows that the mobile loop adopts a flattened conformation that is more buried and more tightly bound in the interacting helices (Fig. 4 C-F) . Furthermore, the contact interface area between the mHsp10 mobile loop and mHsp60, as examined by the PISA program, is ∼54 Å 2 larger than the contact area of GroES with GroEL (average of 427 Å 2 and 373.5 Å 2 , respectively). These observations support a previous suggestion that mHsp10 has a higher affinity for chaperonins than other cochaperonin homologs (47) .
The lack of conformational identity of subunits in each heptamer of mHsp60 and mHsp10 contradicts the accepted view of perfect sevenfold symmetry and concerted release of cochaperonin that exists in the GroEL/GroES system. The breakage of perfect symmetry was reported in the past, but to a milder extent, because it was shown that the refined apo GroEL structure and the (GroEL-KMgATP) 14 structure (PDB ID codes 1OEL and 1KP8, respectively) present a flexible apical domain that can be attributed to the ability of the chaperonin to bind different substrates or to the involvement of the apical domains in substrate unfolding processes (48, 49) . Similarly, a lack of symmetry exists in the cis ring of the Thermus thermophilus chaperonin (50). This deviation was suggested to result from encapsulation of peptide substrates, thus representing the functional conformation of the complex. In more recent studies, it was also shown that a deviation from symmetry exists between subunits of one ring in the crystal structure of the GroEL-R-ADP complex and in the structures of the GroEL-GroES football complexes, published during the reviewing process of this paper [PDB ID codes 4KI8 (R-ADP), 4PKO, and 4PKN (football)] (14, 51). The observed intraring asymmetry in our structure is more intense than most of the flexible movements in the above studies, and it is accompanied by similarly asymmetric movements of mHsp10 mobile loops. Still, the fact that this rotation is observed in both rings, which present different lattice contacts and slightly different rotation angles (as can be seen in Fig. 3C and Fig. S5 C  and D) , implies that these conformations are not solely latticeinduced. Our results suggest that the movement of subunits within the mitochondrial chaperonin ring is not concerted, although we cannot exclude the possibility that the movement of the subunits is concerted during the binding event but not during the dissociation.
Interring Symmetry. Another feature of the GroEL/GroES mechanism is that negative cooperativity of ATP hydrolysis exists between the two chaperonin rings (44) . According to this model, both rings of the chaperonin will not be occupied concomitantly by ADP. It is expected that both rings will be occupied by ATP or that one will be occupied by ADP and the other by ATP, where the former is the ring that is about to release the cochaperonin. During the protein crystallization process, ATP nucleotide was included in the mixture of mHsp60 E321K and mHsp10. Notably, examination of the football structure shows that the nucleotide asymmetry that characterizes GroEL rings was not observed: The nucleotide-binding sites in all mHsp60 subunits are occupied by ADP and magnesium (Fig. 5) . The latter finding implies that the mHsp60-mHsp10 complex reaction cycle proceeds without significant negative cooperativity between the two rings, which would block ATP hydrolysis in the opposite (trans) ring. However, the observation that the same rotation is seen in the equivalent subunits (G and N) within the complex may imply that there is some coordination between the two rings.
Discussion
The crystal structure of the football mHsp60 14 -(mHsp10 7 ) 2 complex reported here suggests that this chaperonin system is mechanistically unique in two aspects. First, movement of the apical domains within the heptameric rings is not concerted. Second, the fact that all subunits in both rings are occupied by ADP suggests that no significant negative cooperativity exists between the two rings in this complex. The fact that the mHsp60-mHsp10 complex crystallized as a double-ring football assembly is intriguing, given that the apo form of the complex is found mainly as a single ring. Our results suggest the following as the main steps in the mitochondrial chaperonin reaction cycle: (i) The apo form of the molecule exists as a single ring; it can bind ATP and unfolded substrate protein, leading to a slight shift in the equilibrium toward formation of double rings; (ii) upon binding of cochaperonin, the mHsp10-bound rings associate to form the double-ring football structures; and (iii) following ATP hydrolysis, which occurs independently in each ring, the cochaperonin, ADP, and the folded substrate are released (18) and the apo form of mHsp60 is restored. Thus, it is tempting to speculate that for the majority of the mHsp60 molecules, the productive cycle starts with a single ring, which assembles to form a double-ring football structure, with no need for an intermediate asymmetric bullet structure. Alternatively, it is possible that the mHsp60 double-ring oligomer keeps one ring occupied with mHsp10, resulting in a catalytic cycle that alternates between symmetric and asymmetric complexes. Recent studies have suggested that the GroEL/GroES chaperonin system undergoes two cycles: the asymmetric "bullet" cycle and the symmetric football cycle (52, 53) . It was shown that the symmetric cycle is preferred in the presence of substrate protein. The results of the present study suggest that the symmetric cycle of the mHsp60-mHsp10 complex chaperonin system is preferred even in the absence of substrate protein.
Materials and Methods
Crystallization. Crystallization trials with the mHsp60 E321K -mHsp10 complex (His-tag mHsp10) were carried out as described by Nisemblat et al. (33) . Crystallization of the selenomethionine (SeM)-mHsp60 E321K -mHsp10 complex was carried out under the same conditions. Before diffraction measurements, the crystals were dehydrated as described (33) .
Data Collection and Processing. The dehydrated crystals were harvested from hanging drops using cryoloops, oriented along the longest axis, plunged into liquid nitrogen, and placed in pucks for transportation to the synchrotron at cryogenic temperature. Crystals were mounted in the diffraction position using the standard sample changer maintained at 100 K at the European Synchrotron Radiation Facility (Grenoble, France). Diffraction data were collected on ID23-1 and ID29 beam lines set to wavelengths 0.95370 and 0.97908, respectively, using ADSC Q315 and Pilatus 6M area detectors. Data were integrated and scaled using DENZO and SCALEPACK as implemented in HKL2000 (54) and XDS (55) . Statistics of the data processing are shown in Table S1 .
Crystal Structure Determination and Refinement. The structure of the human mHsp60-mouse mHsp10 complex (more information is found in ref. 33 48 .6% and 32.8% identity with the human chaperonin and mouse cochaperonin constructs, respectively (construct sequences are provided in Fig. S3) ]. Solute molecules, nucleotide cofactors, and magnesium atoms were deleted from the model coordinate file. The model coordinates were not trimmed to the unequivocal structure. The molecular replacement solution (score = 0.233, translation function peak/noise = 17.92, and contrast = 12.38) revealed 14 mHsp60 and 14 mHsp10 molecules arranged in an elliptical football-like assembly. In addition to the sevenfold noncrystallographic symmetry (NCS) of chaperonin and cochaperonin rings, the complex possessed a twofold NCS symmetry axis located as annotated in Fig. S4A . Refinement of the structure started at R model = 0.5169 and R free = 0.5164, and reached R model = 0.3595 and R free = 0.4176 after 100 cycles of refinement using REFMAC [version 5.7.32 (58) ] with the activated jelly-body option, the use of secondary structure restraints as generated by PROSMART [version 0.816 (59)], and the application of local NCS restraints, unequivocally supporting the correctness of the molecular replacement solution.
When 3.15-Å resolution diffraction data of the human Hsp60-human Hsp10 complex became available, the model obtained for the human Hsp60-mouse Hsp10 complex was mutated to a human Hsp60-human Hsp10 complex (with differences in four amino acid residues in Hsp10). The model was further refined and rebuilt by cycling through REFMAC5 [version 5.8.0069 (58) ] and Coot (60) . Close to the final stages of refinement, proper weighting of the experimental information and the applied restraints were determined using the PDB_REDO Web Server (61). Refinement was implemented with the activated jelly-body option, the use of secondary structure restraints as generated by PROSMART, and the application of local NCS restraints. The apical domains of subunits G and N showed a significant deviation from the other 12 subunits, and they had to be further adjusted manually in Coot (60) . General correctness of sequence and position was confirmed by the anomalous map of the SeM derivative of mHsp60 E321K , calculated using PHENIX (62) at 3.8 Å resolution (Table S1 ). This map exhibited correlation of the Se peak positions with the peak positions of the methionine sulfur atoms, verifying their position in the model. Final cycles of refinement were performed using PHENIX (version 1.9_1692) and converged to R work = 0.241 and R free = 0.270. The final model has 93% of residues in allowed regions on a Ramachandran plot (63). In addition, 2.3% of the residues in the most disordered parts of the structure are in disallowed regions of the Ramachandran plot.
DEDICATION.
On August 28, 2014 we lost one of the top Israeli crystallographers, Professor Felix Frolow. Felix was a devoted teacher, a friend and a leader in the field of crystallography. This paper is dedicated to his memory, and to the tremendous effort, skill, and knowledge he put into solving the structure of the human mitochondrial chaperonin complex. We are grateful for having had the opportunity to work side-by-side with him and we will cherish his memory. E321K mutant was cloned and purified as previously reported (1) . In this construct, the 17 amino acids of the C terminus tail that include the GGM repeats, which are predicted to be unstructured, were removed during the cloning process. GroEL and GroES were purified as described by Bonshtien et al. (2) . WT mHsp60 was purified as described by Parnas et al. (3) . The 6× His-tag GroES was purified as described by Zondlo et al. (4), with slight changes in the last step when the buffer was changed to 10 mM Tris·HCl (pH 7.5) and 200 mM NaCl using a PD-10 desalting column (GE Healthcare).
Human Hsp10 (mHsp10) cDNA (GenBank accession no. P61604) was inserted into the pET22b(+) expression plasmid (Novagen) using NdeI and XhoI restriction sites. A stop codon was inserted at the end of the cDNA sequence to generate a construct that does not contain a C terminus His-tag. An mHsp10 construct containing a C-terminal 6× His-tag, separated by a seven-amino acid linker, was generated by insertion of mHsp10 cDNA into the pET22b(+) plasmid via the NdeI and HindIII restriction sites. His-tagged mHsp10 was expressed and purified as described by Dickson et al. (5) and Parnas et al. (6) . The non-His-tagged mHsp10 was expressed, as was the His-tagged mHsp10. This construct was purified as follows. The cell pellet was resuspended (1:10 wt/vol) in a buffer containing 20 mM Tris·HCl (pH 7.7), 5 mM MgSO 4 , 1 mM DTT, and 1,500 units of DNase. Cells were homogenized and passed through a microfluidizer. Immediately after lysis, PMSF (0.5 mM) and the following protease inhibitors (1 μg/mL each; Sigma) were added: pepstatin, chymostatin, antipain, leupeptin, and aprotinin. Debris was removed by centrifugation for 30 min at 35,000 × g. The supernatant was loaded onto a RESOURCE Q column (GH Healthcare) equilibrated with buffer A [20 mM Tris·HCl (pH 7.7), 0.1 mM EDTA, and 1 mM DTT]. Unbound proteins were collected from the column and dialyzed overnight against buffer B [20 mM MES (pH 6.6) and 0.1 mM EDTA]. The protein was then loaded on a SOURCE-S column (GH Healthcare) equilibrated with buffer B. Bound proteins were eluted from the column with a linear gradient of 0-500 mM NaCl (in buffer B). The mHsp10-enriched fractions were collected and concentrated. The protein was then loaded on a Superdex 200 prep grade gelfiltration column (Pharmacia) equilibrated with buffer C [50 mM Tris·HCl (pH 7.7) and 100 mM NaCl]. Fractions containing heptameric mHsp10 were concentrated to ∼30-40 mg/mL and flash-frozen in liquid nitrogen for storage. All stages were carried out at 4°C. On average, ∼15 mg of mHsp10 per gram of cell pellet was obtained.
SeM-mHsp60 E321K was overexpressed and purified as above, with the slight changes needed to inhibit the methionine pathway (7, 8) .
mHsp60 triple mutant (mHsp60 TM ), harboring E105A, K109Q, and E462A mutations, was cloned and purified as for the WT mHsp60 (mutant gene was purchased from Syntezza Bioscience). In the last purification step (oligomerization of the complex), about 80% of the protein aggregated, and after size exclusion chromatography (Superdex 200 prep grade; Pharmacia), only ∼10% of the protein (7 mg) remained.
EGFP cDNA was amplified by using the following primers:
Forward EGFP: CCTGTATTTTCAGGGCGGGCGCGCC-ATGGTGAGCAAGGGCGAGGAGCTGTTCACC Reverse EGFP: CATTATGCGGCCGCAAGCTTGTCGAC-TTACTTGTACAGCTCGTCCATGCCGAGAGTGATCC Using the above primers and the Gibson method (New England Biolabs), the cDNA was inserted into the pCDFDuet plasmid (Novagen) downstream to an N terminus 6× His-tag, followed by the maltose-binding protein (MBP) sequence and a tobacco etch virus (TEV) protease digestion site. The plasmid was transformed into BL21 bacteria, and the EGFP-fused MBP protein was overexpressed by induction with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and grown at 30°C for 4 h. The cells were resuspended (1:10 wt/vol) in buffer A [50 mM Tris·HCl (pH 7.7), 100 mM NaCl, and 5 mM imidazole], supplemented with 1,500 units of DNase, 0.5 mM PMSF, and a 1/1,000 dilution of protease inhibitor mixture set III EDTA-free (Calbiochem). Cells were homogenized and disrupted by sonication. Debris was removed by centrifugation for 30 min at 35,000 × g. The supernatant was loaded onto a nickel-agarose resin column equilibrated with buffer B [20 mM Tris·HCl (pH 7.7), 300 mM NaCl , and 20 mM imidazole]. Bound proteins were eluted with buffer B containing 250 mM imidazole. To remove the fused MBP, a Histagged TEV protease was added at a ratio of 1:30 (wt/wt). The protein sample was then dialyzed overnight against 2 L of buffer B lacking imidazole. Next, the protein was loaded again onto a nickel-agarose resin column that was equilibrated with buffer B, and the unbound EGFP protein was collected. At the final stage, the buffer was exchanged to buffer C [20 mM Tris·HCl (pH 7.7) and 300 mM NaCl] using a PD-10 desalting column (GE Healthcare). Fractions containing EGFP were concentrated to ∼35-40 mg/mL and flash-frozen in liquid nitrogen for storage. All purification steps were carried out at 4°C. We obtained ∼55 mg of EGFP per 10 g of cell pellet.
Packing Arrangement of the mHsp60 E321K -mHsp10 Complex. The mHsp60 E321K -mHsp10 complex crystallized in the space group P4 1 2 1 2 with cell dimensions of a = b =199.10 Å, c = 627.39 Å. The asymmetric unit of the structure contains the full football model [i.e., mHsp60 14-(mHsp10 7 ) 2 complex]. The long axis of the complex closely coincides with the long axis of the unit cell, with a deviation of about 3°along a diagonal of the a/b cell face. One complex makes packing contacts with 12 symmetry-related complexes: four in the central plane of the complex (Fig. S5A) and eight touching the north and south parts of the football.
Among the interactions that exist between the 12 symmetryrelated football complexes, one is of extreme significance to the successful crystallization of the complex. The protruding His-tag of subunit Z of mHsp10 makes contact with subunits F and G of mHsp60 of one of the neighboring footballs (Fig. S5B ; the nomenclature for subunits is shown in Fig. S4 ). Only one interaction of this type can be formed and only in the south ringed mHsp10, owing to the interplay of the sevenfold NCS of the football particle and the fourfold symmetry of the crystal. The next neighboring symmetric molecule will be 90°(360°/4) apart from the first one, but the closest His-tag will be 102.8°(360°/7 × 2) apart.
Additional interesting interactions observed within the 12 symmetry-related football complexes include one in which the apical domain of subunits G and N are stabilized by interaction with subunits of the neighboring symmetry-related footballs. The apical domain of subunit G interacts with subunits L, M, Z, and 1 of the neighboring football, while the apical domain of subunit N interacts with subunits J, K, and Y of a different neighboring football (Fig. S5  C and D) . These two lattice contact points stabilize the new conformation of subunits G and N, which present ∼100°counter-clockwise rotation compared with the other apical domains in the ring.
In Vitro Activity Experiments. Refolding of HCl-denatured malate dehydrogenase was carried out as previously described (9 , mHsp60, or GroEL) were diluted to 50 μM in buffer containing 20 mM Tris·HCl (pH 7.7), 10 mM MgCl 2 , 20 mM KCl, and 2 mM ATP (when indicated). In some of the experiments, 50 μM His-tagged mHsp10 or 50 μM nontagged mHsp10 was added to the reaction mixture. After incubation for 5 min at room temperature (∼25°C), the proteins were injected into an SEC column (SRT SEC-500; Sepax Technologies) that was equilibrated with the same buffer. The column was connected to a MALS detector (DAWN HELEOS II; Wyatt Technology) and then to a refractive index detector (Optilab t-rEX; Wyatt Technology). Wyatt Astra V software was used for data collection and analysis. Data were collected at ∼25°C.
EGFP Experiments.
EGFP refolding experiments. Purified EGFP (350 μg) was denatured by incubation with 100 mM HCl for 5 min. Binary complex (700 μL) was formed by mixing 4 μM denatured EGFP with 60 μM different chaperonins (as indicated) in buffer A [20 mM Tris·HCl (pH 7.7), 10 mM MgCl 2 , 1 mM KCl, and 5 mM DTT] and incubation for 5 min at room temperature (RT). After incubation, the refolding reaction was induced by adding a 350-μL mix of 240 μM cochaperonin and 3 mM ATP in buffer A and further incubation for 5 min (final ratio of chaperonin/cochaperonin was 1:2). Then, the samples were injected into a Superdex 75 prep grade gel-filtration column (Pharmacia) equilibrated with buffer A (supplemented with 1 mM ATP). Fraction fluorescence was measured using a SynergyHT plate reader (Biotek) with a 485/20 excitation filter, a 528/20 emission filter, and a gain of 55. In addition, samples from the fractions were run on 14% (wt/vol) SDS-PAGE. EGFP pull-down experiments. Denatured EGFP was obtained as above. This time, a 140-μL binary complex was formed by mixing 1 μM denatured EGFP with 15 μM different chaperonins (as indicated) in buffer B [20 mM Tris·HCl (pH 7.7), 10 mM MgCl 2 , 1 mM KCl, and 20 mM imidazole], followed by 5 min of incubation at RT. Next, 70 μL of His-tagged cochaperonin-nucleotide mix (60 μM cochaperonin) was added to the binary complex and incubated for 5 min. Then, the samples were incubated for 10 min with 40 μL of nickel-nitrilotriacetic acid beads (GE Healthcare) on an end-to-end shaker at RT. Samples were centrifuged and washed three times with 210 μL of buffer B containing 0.5 mM nucleotide (as indicated). The last wash was carried out with buffer B lacking imidazole. Pellets containing Ni beads and bound proteins were then resuspended with 210 μL of buffer B (without imidazole), and their fluorescence was measured as described above.
Interactions Between Amino Acid Residues. Interactions between amino acid residues in the mHsp60-mHsp10 structure were calculated using the Protein Interactions Calculator server (10) and the PISA server (11) . The latter was also used for calculations of surface contact areas.
The rmsd values between different subunits in the structure (Tables S2 and S3) were calculated using the DaliLite program at the European Bioinformatics Institute web server (12) . E321K mutation switches its cochaperonin specificity. Refolding of 0.33 μM HCl-denatured malate dehydrogenase (MDH) by the indicated chaperonin (10 μM) and 20 μM His-mHsp10 (black columns), mHsp10 (gray column), or GroES (white columns). MDH activity was measured at 340 nm after incubation for 60 min at 30°C in the presence of 1 mM ATP. The refolding activity is presented relative to the refolding activity of native MDH (100%). E321K can encapsulate and refold EGFP. (A) Size exclusion chromatography of mHsp60 E321K + mHsp10 (Top), mHsp60 + mHsp10 (Middle), and GroEL + GroES (Lower) complexed to unfolded EGFP. Each chaperonin (40 μM) was incubated with 2.5 μM HCl-denatured EGFP. After addition of the indicated cochaperonin (80 μM) and 1 mM ATP, the samples were loaded on a Superdex 75 prep grade column and the OD at 280 nm (black line) and EGFP fluorescence (green line) were monitored. Samples from the peak areas were run on 14% (wt/vol) SDS-PAGE (gel images above each peak). Because the interaction of the mHsp60-mHsp10 complex and GroEL/GroES is dynamic, the refolded EGFP is eluted as "free" EGFP after the chaperonin peak. In contrast, when EGFP is complexed to the mHsp60 E321K -mHsp10 stuck complex, ∼50% of the folded EGFP elutes as "trapped" EGFP (stuck inside the mHsp60 E321K -mHsp10 complex cavity). (B) Pull-down experiments with His-tagged cochaperonins. mHsp60 or mHsp60 E321K (10 μM), together with 1 μM HCl-denatured EGFP and 20 μM Histagged GroES or His-tagged mHsp10, was incubated with nickel beads in the presence of 1 mM ATP (white columns), 1 mM ADP (black columns), or no nucleotide (gray columns). After washing, the beads were resuspended in buffer and the EGFP fluorescence was measured. Similar to the results in A, the mHsp60-mHsp10 and mHsp60
E321K
-GroES complexes are dynamic, such that the folded EGFP is eliminated during the washing steps. Because GroES does not bind mHsp60, no pull-down occurs in this sample. As before, the mHsp60 E321K -mHsp10 stuck complex is the only one able to trap folded EGFP, even in the presence of ADP or in the absence of nucleotide (the mHsp60 E321K mutant is stabilized in the "open" conformation, the form adopted in the presence of ATP). subunits) and O (representative of all mHsp10 subunits) are indicated above the amino acid sequence alignment of mHsp60 E321K and GroEL or mHsp10 and GroES. Numbered arrows indicate β-sheets, and alphabetically marked cylinders represent α-helices. Blue letters indicate residues for which electron densities were observed in only part of the chains, whereas red letters indicate residues for which electron densities were not observed. The 17-aa tail at the C-terminal end of the mHsp60 protein, which is predicted to be unstructured, was removed during the mHsp60 E321K cloning process. TM (black column) with buffer lacking nucleotides, buffer with 1 mM ATP, or buffer containing 20 μM mHsp10 or GroES and 1 mM ATP. MDH activity was measured at 340 nm after incubation for 60 min at 30°C. The refolding activity is presented relative to the refolding activity of native MDH (100%). Table S2 . rmsd values of Cα (Å) between mHsp60 subunits Shaded boxes highlight the rmsd values of the asymmetric mHsp60 subunits G and N. Table S3 . rmsd values of Cα (Å) between mHsp10 subunits Shaded boxes highlight the rmsd values of the asymmetric mHsp10 subunits U and 2.
